Introduction
The signal transducers and activators of transcription (STATs) including STAT6 are latent cytoplasmic proteins that undergo tyrosine phosphorylation by Janus kinases (JAKs) in response to cytokine exposure in the extracellular milieu. Ligation of cytokines interleukin-4 (IL-4) and interleukin-13 (IL-13) with their receptors that contain the α subunit of the IL-4 receptor (IL-4Rα) result in a common STAT6-mediated signaling pathway critical to the development of Th2 inflammation characteristic of asthma and anti-parasitic responses. 1, 2 Once phosphorylated, STAT6 is transported to the nucleus where it regulates gene expression in various cell types critical to the balance between host immune defense and allergic inflammatory responses. 3 The principle lung cells that are profoundly altered by STAT6 signaling during inflammatory responses include T and B lymphocytes, macrophages, and structural cells including airway epithelial and smooth muscle cells. 4 Interestingly, STAT6 contributes to a wide array of distinct IL-4 and IL-13-induced effector functions in different cell types resulting in Th2 helper T-cell differentiation, epithelial mucus production, smooth muscle contractility and chemokine release, alternative activation of macrophages, and immunoglobulin class switching to IgE by B cells, which are also reviewed elsewhere. pathogenesis of allergic asthma and atopic disease. Numerous investigations into the mechanisms of IL-4 and IL-13 signaling have provided insight into how these cytokines regulate immune responses. IL-4 and IL-13 each bind to two receptor complexes and have one shared receptor subunit (Fig. 1) . IL-4 binds to its cognate receptor complex consisting of the IL-4 receptor α chain (IL-4Rα) and the common gamma chain (γc) to form the type I receptor. 11 IL-4 first binds to IL-4Rα subunit with high affinity followed by dimerization with γc receptor subunit and subsequent JAK-STAT6 activation. 12, 13 Both IL-4 and IL-13 bind to the shared type II receptor complex made up of IL-4Rα and IL-13Rα1. In contrast to the type I and II receptors that transmit intracellular signals through STAT6, the IL-13Rα2 subunit was initially reported to be a decoy receptor because of its short cytoplasmic tail. 14 However, some reports have demonstrated that cell membrane-bound IL-13Rα2 may have some signaling capabilities related to tissue remodeling responses thought to be STAT6-independent. 15, 16 The IL-4Rα subunit contains three tyrosine residues (Y575, Y603, and Y631) that are phosphorylated after receptor stimulation and can lead to STAT6 activation. [17] [18] [19] [20] STAT6 monomers bind via Src homology 2 (SH2) domains to the intracellular portion of the IL-4Rα subunit and in turn become phosphorylated by IL-4Rα associated JAK kinases including JAK1. The γc subunit also activates JAK3, whereas IL-13Rα1 activates two other kinases, tyrosine kinase 2 (TYK2) and JAK2.
1 STAT6 phosphorylation leads to dimerization followed by translocation to the nucleus where STAT6 regulates gene expression.
Depending on the cell type, STAT6 regulates completely different gene expression profiles after IL-4/IL-13 stimulation ( Fig. 1) . 21 In B cells, STAT6 induces Ig epsilon chain and CD23 gene expression, whereas Th2 differentiation genes gata3 and crth2 are induced in T cells. 4, [22] [23] [24] IL-4/IL-13 stimulation of macrophages induces STAT6-dependent "alternative activation" and transcription of arginase 1, Retnla, and Chi3L3 in mouse and indolamine 2,3-dioxygenase (IDO) in humans. 25 STAT6 signaling further induces airway epithelial mucin genes including muc5ac, gob5, as well as eotaxins that regulate eosinophil chemotaxis to the lung. [26] [27] [28] Smooth muscle contractility genes including Rho as well as eotaxins are also targets of STAT6. [29] [30] [31] The generation of mice lacking STAT6 (STAT6 −/− ) has allowed for intensive investigation into the role of STAT6 in numerous lung disease models. In allergen sensitization and challenge asthma models, STAT6 −/− mice lack most of the features of the disease including Th2 cell accumulation, chemokine production, airway eosinophilia, epithelial mucus metaplasia, and airway hyperresponsiveness (AHR). [7] [8] [9] While STAT6 has been show to play a number of important immune regulatory roles including host resistance against helminthes, 10 the main focus of this article will be to discuss the role of STAT6 in the pathogenesis of allergen-induced airway inflammation in asthma, as well as other forms of inflammatory lung disease such as pulmonary fibrosis and respiratory viral infections.
STAT6 Signaling Downstream of IL-4/IL-13
IL-4 and IL-13 expressed by Th2 cells, mast cells, basophils, and innate lymphoid cells (ILC2) are key cytokines in the Figure 1 . STAT6 signaling results in distinct gene profiles in different lung cell types. iL-4 binds to the type-i iL-4r consisting of the iL-4 receptor α chain (iL-4rα) and the common gamma chain (γc) to form the type i receptor. Additionally, both iL-4 and iL-13 bind to the type ii receptor made up of iL-4rα/ iL-13rα1. Stimulation of either receptor activates iL-4rα and associated JAK1 to phosphorylate STAT6 monomers, which then homodimerize and translocate to the nucleus, resulting in induction of gene expression. Alternatively, viral infection with dsDNA or dsrNA viruses leads to STiNG recruitment of TBK1 and STAT6. STAT6 is phosphorylated by TBK1 and an unidentified tyrosine kinase leading to homodimerization and translocation to the nucleus for anti-viral chemokine production (not shown). iL-4/iL-13-induced STAT6 activation leads to distinct gene expression profiles in different cell types involved in lung inflammation including epithelial cells, Th2 cells, B cells, macrophages, and smooth muscle cells.
inflammation, repeated exposure to ovalbumin (OVA) in immunized wild-type mice results in the pathogenic features reminiscent of human asthma, including increased serum IgE, airway eosinophilia, epithelial mucus production, and AHR. In contrast to wild-type mice, STAT6 knockout mice challenged with OVA have significantly reduced lung eosinophilia, peribronchial inflammation, mucus-producing cells, and AHR. 8, 9 CD4 + T helper Type 2 (Th2) cells that produce cytokines IL-4, IL-5, and IL-13 are thought to play a pivotal role in the induction of allergic asthma. In addition to the role of STAT6 in Th2 differentiation, Th2 cell trafficking and chemokine production from resident parenchymal cells of the lung have been demonstrated to be STAT6-dependent. 7 To show this, in vitro differentiated wild-type antigen-specific Th2 cells were adoptively transferred into STAT6 −/− sensitized mice and failed to induce pulmonary eosinophilia, mucus production, or AHR. 7 More recently, Chapoval et al. performed allergen challenges on wild-type and STAT6 −/− mouse bone marrow chimeric mice and found an absence or paucity of eosinophilia in OVA-treated STAT6 −/− mice even when reconstituted with wild-type BM or when Th2 cells were adoptively transferred. 46 These reports highlight the importance of STAT6 signaling in structural, nonhematopoietic, lung cells in the development of lung inflammation. STAT6 regulation of different cell types involved in asthma pathogenesis is summarized in Figure 2 .
Further studies with IL-4 and IL-13 transgenic mice have shed light on the potential roles of these cytokines in the lung. One report demonstrated that lung-specific overexpression of IL-4 led to an inflammatory response characterized by epithelial cell hypertrophy, accumulation of macrophages, lymphocytes, eosinophils, and neutrophils. 47 A similar phenotype was detected in transgenic mice overexpressing pulmonary IL-13 but also included profound eosinophilia, mucus metaplasia, subepithelial fibrosis, and AHR. 48 IL-4 and IL-13 signaling, as mediated by STAT6, therefore contributes to the multiple pathologic features of asthma including eosinophilic inflammation, airway hyperresponsiveness, subepithelial fibrosis, and excessive mucus production. 49 Many of the early mouse models of asthma utilized OVA challenges after systemic immunization with OVA with an adjuvant and thus may be less representative of allergen mucosal sensitization in humans. Reports utilizing innate and adaptive asthma models with fungal allergens have further confirmed the important role of STAT6 in lung inflammation. Sensitization to the fungal allergen Alternaria alternata has been increasingly recognized as a risk factor for persistent or near fatal asthma in humans. 50 An innate mouse model of Alternaria-induced asthma revealed that the induction of early eosinophilia and type 2 innate lymphoid cell proliferation occurred in a STAT6-dependent manner. 51, 52 Further, eosinophil chemokines eotaxin-1 and eotaxin-2 were significantly reduced in the airway after one challenge with Alternaria in STAT6 knockout mice suggesting that STAT6 regulates very early eosinophil influx through chemokines. Separately, another study utilizing a chronic fungal allergen-induced model with Aspergillus fumigatus demonstrated that STAT6 was required for goblet cell hyperplasia, In depth cell-specific regulation by STAT6 will be discussed further below.
In addition to the role of STAT6 as a transcriptional activator promoting Th2 development, STAT6 also functions as a repressor. 32 STAT6 exerts inhibition of gene expression through steric hindrance of binding by other transcription factors. 33, 34 This suppression has a number of diverse effects and likely plays a greater role in lineage commitment of other T helper subsets than previously thought. 35 Further, suppressor of cytokine signaling-1 (SOCS-1) is a repressor of STAT6 activation through the inhibition of JAKs.
36,37 SOCS-1 is induced by IL-4/IL-13 and has been shown to inhibit Th2 responses in vitro and in vivo. 36, 38, 39 Recent evidence also suggests that SOCS-2 regulates Th2 cell differentiation and STAT6 phosphorylation. 40 Additionally, one report demonstrated that the mTORC2-signaling complex (mammalian target of rapamycin complex 2) supports IL-4/STAT6 signaling and contributes to Th2 differentiation by inhibiting SOCS-5. 41 Disruption of mTORC2 in T cells lead to impaired differentiation into Th2 cells including inability to upregulate GATA3 and IL-4 expression, whereas Th1 differentiation was nearly unaffected. In contrast, disruption of mTORC1 resulted in a shift toward a Th2 phenotype. 41 The STAT6 pathway has also been shown to be negatively regulated by IFN-γ and Bcl-6. 44 Using a human B-cell line, stimulation with IFN-γ was shown to result in a loss of IL-4-induced STAT6 tyrosine phosphorylation, nuclear translocation and DNA binding. 42 In this same study, treatment with IFN-γ specifically upregulated SOCS-1 (suppressor of cytokine signaling), an inhibitor of cytokine pathways that interacts with JAK kinases to downregulate their activity. 37, 45 Meanwhile, overexpression of SOCS-1 also effectively blocked STAT6 phosphorylation and transcription induced by IL-4. This suggests that the inhibitory effect of IFN-γ could be mediated by SOCS-1 that interferes with the IL-4 signaling pathway. 42 Bcl-6 is a transcriptional repressor normally expressed in lymphocytes that binds to the STAT6 DNA binding site and inhibits IL-4 induced transcription. 43 T cells from Bcl-6-deficient mice express predominantly Th2 cytokines and Bcl-6 knockout mice exhibit a Th2 inflammatory disease involving the heart and lungs. 43 These findings suggest that Bcl-6 likely has an important role in regulating STAT6 and its absence results in an overactive Th2 response. 3 Interestingly, STAT6 −/− Bcl6 −/− double knockout mice were later found to develop Th2 inflammatory responses, suggesting that Bcl6 suppresses STAT6-independent mechanisms of Th2 differentiation.
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STAT6 in Lung Disease Models
Asthma. Extensive investigation has demonstrated that STAT6 plays a crucial role in the pathogenesis of allergen-induced airway inflammation, mucus production, and airway hyperresponsiveness (AHR). In murine models of allergen-induced airway
infection with Nippostrongylus brasilensis. 59 Further studies showed that mice deficient in IL-4/IL-13, IL-4Rα, or STAT6 signaling develop impaired type 2 immune response against GI parasites. Viral immunity. Stimulator of interferon genes (STING) is an important mediator in innate viral immunity. STINGdeficient mice are highly sensitive to both RNA (e.g., vesicular stomatitis virus, sendai virus) and DNA viruses (herpes simplex virus-1). 62 Other names for STING include mediator of IRF3 activation (MITA), endoplasmic reticulum interferon stimulator (ERIS), and membrane tetraspanner associated with MHC class II (MPYS). 63 Very recently, STAT6 was demonstrated to have an important role in innate immune signaling via STING in response to viral infections. 64 Surprisingly, viral infections appear to trigger a cell intrinsic pathway leading to activation of STAT6 that is distinct from the canonical pathway induced by IL-4/ IL-13. The authors found that upon recognition of viral nucleic acids, STING is activated and recruits STAT6 to the endoplasmic reticulum along with TBK1 that then phosphorylates STAT6 independent of JAKs.
64 TBK1 was also found to activate another unidentified tyrosine kinase (at Tyr641) that phosphorylates STAT6. Virus-induced STAT6 activation was detected in fibroblasts, bone marrow-derived macrophages, and peritoneal macrophages. This is in contrast to the cell type-specific roles of STAT6 in IL-4/IL-13 signaling. Importantly, STAT6 −/− mice were shown to be more susceptible to viral infection than wild-type mice. Interestingly, this supports the hypothesis that STAT6 induction by respiratory viruses might contribute to asthma pathogenesis given the strong association between viral illness and asthma.
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STAT6 in lung fibrosis. IL-13 contributes to fibrosis in a number of chronic infectious and autoimmune diseases, and is likely involved in airway fibrosis and smooth muscle increase in asthma as well as interstitial lung disease. 6 In addition to the Th2 immune response, IL-13 transgene overexpression in the lung has been shown to induce persistent subepithelial fibrosis and smooth muscle hypertrophy. 66, 67 Some of the effect of IL-13 induced fibrosis may be STAT6-independent as IL-13 signaling has been shown to mediate TGF-β1 induced fibrosis through IL-13Rα2. 16 IL-4 and IL-13 are capable of stimulating fibroblast differentiation, as well as α-SMA and collagen expression suggesting both cytokines have tissue remodeling capabilities. 68 Fibroblasts stimulated with IL-4 or IL-13 triggers increased expression of β1-integrin and vascular cell adhesion molecule-1 (VCAM-1) as well as increased production of inflammatory cytokines IL-6 peribronchial inflammation and AHR after conidia intratracheal challenge. 53 These reports suggest, that similar to OVA models, natural aeroallergens also use STAT6 pathways to generate the asthma phenotype.
Parasites and Th2 immunity. Given the striking phenotype in Th2 asthma models in STAT6 knockout mice, it is not surprising that STAT6 contributes to anti-parasitic Th2 responses. Indeed, STAT6 has been shown to be important for immunity to helminth parasites including Nippostrongylus brasilensis, Heligmosomoides polygyrus, Trichinella spiralis, and Shistosoma mansoni. 54, 55 Similar to allergic asthma, STAT6 functions in Th2 differentiation and induction of IgE and chemokine production in resident tissue cells. Recently, innate lymphoid cells type 2 that rapidly produce IL-5 and IL-13 have demonstrated a critical early role in the expulsion of parasites. 56, 57 Interestingly, ILC2 GATA3 expression was no different in parasite-infected STAT6 knockout mice though total numbers of ILC2 were reduced, suggesting that STAT6 regulates ILC2 development, proliferation, or maintenance independent of GATA3 and cytokine production. 58 Adaptive immunity and T helper type 2 (Th2) cells direct immune responses against helminthes through IL-4 and IL-13 production. Kopf et al. observed that mice defective for IL-4 had impaired Th2 responses, characterized by reduced Th2 effector cytokine production, and reduced eosinophilia upon Figure 2 . effector functions mediated by STAT6 in multiple cell types in lung inflammation. iL-4/iL-13 activation of STAT6 leads to polarization of macrophages to the M2 "alternatively activated" phenotype that regulate tissue repair and anti-inflammatory responses. Naïve CD4 + T cells are differentiated into Th2 cells that produce Th2 cytokines (iL-4, iL-5, iL-9, and iL-13) by iL-4 in a STAT6-dependent manner (canonical differentiation). B cell isotype switching to ige is mediated by STAT6. Lineage-negative type 2 innate lymphoid cells (iLC2) produce Th2 cytokines independent of STAT6 in vivo, but STAT6 may regulate iLC2 proliferation. Further, STAT6 controls iL-4/iL-13 induced epithelial mucus metaplasia that leads to airway mucus secretion found in many lung inflammatory diseases. iL-13 induces STAT6-dependent smooth muscle contractility that may contribute to airway hyperresponsiveness. Both airway epithelial cells and smooth muscle cells produce STAT6-dependent chemokines that result in lung eosinophilia.
increases ORMDL3 promoter activity as well as endogenous ORMDL3 expression in humans.
Currently several promising therapeutics are under investigation that target the IL-4/IL-13/STAT6 pathway in the treatment of asthma, including anti-IL-13 monoclonal antibodies and IL-4 receptor antagonists, reviewed elsewhere. 5, 14 A phase 2 clinical trial in asthmatic patients showed that the use of pitrakinra, an IL-4Rα antagonist, was associated with fewer adverse asthma related events and a decreased need for rescue inhaler use as compared with placebo group. 88 More recently in a double blind, placebo-controlled trial, lebrikizumab, a monoclonal antibody to IL-13, was associated with improved lung function in patients with asthma, and the greatest improvement was seen in individuals with high pretreatment levels of the IL-13-induced protein periostin. 89 Other experimental approaches directed at inhibiting STAT6 include small-molecule inhibitors, antisense therapy, as well as RNA interference and dominant-negative peptides. 14 Pulmonary fibrosis. Several studies have shown elevated expression of IL-4 and IL-13 in human subjects with idiopathic pulmonary fibrosis (IPF). 90, 91 Further, a Th2 pattern (characterized by IL-4 and IL-5) predominates in the pulmonary interstitium in patients with cryptogenic fibrosing alveolitis (CFA), a fatal inflammatory lung condition marked by excessive fibroblast activation, deposition of collagen, and scar formation. 91 Increased expression of receptor subunits IL-4Rα and IL-13Rα2 have also been detected in fibroblasts from surgical lung biopsies of patients with idiopathic interstitial pneumonia. 92, 93 Pulmonary fibroblast lines cultured from patients with the most severe form of idiopathic interstitial pneumonia (IIP), usual interstitial pneumonia (UIP), exhibited increased gene and protein expression of IL-4Rα, IL-13Rα1, and IL-13Rα2. 92 Thus, the IL-4/IL-13/ STAT6 pathway may be a target for intervention in these severe lung diseases.
Cell-Specific Regulation by STAT6
Th2 cell differentiation and recruitment. Naïve T cells differentiate into different effector T-helper subsets that produce characteristic cytokines depending on the cytokine milieu and co-stimulation. 94 Th2 cells are thought to be central in the pathogenesis of allergic asthma through induction of key cytokines, including IL-4, IL-5, and IL-13 that result in tissue eosinophilia, mucus metaplasia, IgE production, AHR, and remodeling. 95 Transfer of effector allergen-specific Th2 cells into naïve mice followed by allergen challenges is sufficient to induce pathophysiologic features of asthma, including airway eosinophilia, mucus production, and hyperresponsiveness thus demonstrating their importance. 7, 96, 97 STAT6 regulates effector Th2 responses in lung inflammation through multiple mechanisms including canonical Th2 cell differentiation and recruitment, also reviewed elsewhere. 32, 49 The IL-4 signaling cascade through STAT6 activation is considered the canonical pathway of Th2 differentiation. 4, 95 While Th2 cells themselves are a source of IL-4, Kopf et al. observed that CD4 cells from IL-4 knockout mice infected with and MCP-1/CCL2. 68 Importantly, mice subjected to bleomycininduced pulmonary fibrosis displayed elevated IL-4 and IL-13 and therapeutic blockade was shown to reduce the pulmonary interstitial fibrosis phenotype. 69 Found in inflammatory zone (FIZZ1), also known as resistin-like molecule α (RELMα), or hypoxia induced mitogenic factor (HIMF), is induced in alveolar type II epithelial cells (AECs) in models of bleomycin-induced lung fibrosis. 70 FIZZ1 has been shown to induce myofibroblast differentiation in lung fibroblast in vitro as measures by increased expression of α-SMA and type 1 collagen. 71 Further, pulmonary microvascular endothelial cells stimulated with FIZZ1 were shown to have increased cell proliferation as well as the expression of vascular endothelial growth factor (VEGF) and MCP-1 production that was dependent on IL-4/IL-4Rα signaling. 72 In a mouse model of bleomycin-induced lung fibrosis, mice deficient in IL-4, IL-13, or STAT6 showed marked reduction in FIZZ1 expression in AECs as well as decreased lung fibrosis. 73 Together these findings suggest a mechanism by which IL-4/IL-13/STAT6 could play a role in the pathogenesis of pulmonary fibrosis and lung remodeling processes.
STAT6 in Human Lung Disease
Asthma. Increased levels of IL-4 and IL-13 expression have been detected in sputum and bronchial biopsies of severe asthmatics. 74, 75 Further, mast cell-derived IL-4 and IL-13 was shown to be elevated in airway smooth muscle of individuals with asthma. 76 Asthmatics also have a greater number of cells expressing IL-4Rα in their bronchial mucosa compared with controls. 77 Further strengthening the role of the IL-4/IL-13 signaling pathways are studies demonstrating that expression of GATA3 and STAT6 are upregulated in bronchial biopsy tissue from patients with atopic and non-atopic asthma, as compared with healthy control subjects. 75, 78, 79 Additionally, non-atopic asthmatics, as determined by lack of skin test positivity to common aeroallergens or elevated IgE, were shown to have fewer STAT6-expressing cells than asthmatics who demonstrated atopic features. 79 Samples from allergic asthmatics have demonstrated STAT6 expression in T cells, as well as STAT6-inducible genes in alveolar macrophages and airway epithelial cells. 80 Thus, the IL-4/IL-13/STAT6 pathway is strongly upregulated in asthma.
Several linkage association studies have provided evidence that variations in single nucleotide polymorphisms (SNPs) in the genes encoding IL-4, IL-13, and STAT6 may be linked to asthma and allergic disease. 81, 82 Two separate groups have independently reported that variations in the dinucleotide (GT) repeat sequence in exon 1 of the STAT6 gene were associated with atopic asthma and increased total serum IgE in Japanese and British populations, respectively. 83, 84 Orosomucoid-like 3 (ORMDL3) has been strongly liked with asthma in genetic association studies. 85 A report of allergen-challenged mice first demonstrated that induction of ORMDL3 mRNA expression was dependent on STAT6. 86 It has since been shown that STAT6 regulates the expression of human ORMDL3 by directly binding to the promoter region. 87 In addition, IL-4/IL-13 treatment cytokine, is strongly linked to asthma development and has also been shown to induce non-canonical Th2 cells that produce IL-5 and IL-13, but not IL-4, independent of STAT6. 108 These reports highlight the complexities of Th2 cell development, and overall, suggest that the role of STAT6 in Th2 cell development is condition-dependent.
Th9 cell differentiation. The ever-expanding T helper cell subsets now include Th9 cells that produce predominately IL-9, but very little IL-4, IL-5, and IL-13.
109 Th9 cells express high levels the transcription factor PU.1 that is required for Th9 differentiation. 110 Recently, STAT6 has been shown to be critical for the development of Th9 cells. 111 Similar to Th2 cells, Th9-cell differentiation also depends on IL-4, STAT6, and GATA3, but in addition requires TGF-β1 for polarization. Though IL-9 has been shown to induce features of type 2 responses in the lung including mucus production, accumulation of mast cells, and airway remodeling, it is unclear whether the Th9 subset or other cells including Th2 cells contribute more to IL-9 induced lung inflammation.
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B-cell class switching and activation. During allergic and parasitic lung responses, B cells differentiate into plasma cells and produce large amounts of IgE. Nearly 25 years ago, IL-4 was shown to be a switch factor for IgE synthesis in B cells. 112 Since then, STAT6 has been shown to be critical for IL-4 induced class switching to IgE as well as the expression of cell surface molecules including CD23 and MHCII responsible for antigen presentation by B cells. 23, 24 STAT6-deficient B cells fail to produce immunoglobulin (IgE) following immunization in vivo with anti-IgD. 22 Additionally, levels of IgE are dramatically reduced in STAT6-deficient mice after mice sensitization with antigen or infection with N. brasiliensis. 23 Current therapeutic strategies to target IgE in allergic diseases such as asthma have shown some efficacy and highlight the importance of the STAT6/IgE pathway in humans.
Macrophage alternative activation. STAT6 has been shown both in vitro and in vivo to promote IL-4 and IL-13 induced differentiation of "alternatively activated macrophages" or M2 macrophages, which are present during parasitic infections and Th2 immune responses in the lung. 25 ,113 M2 macrophages have been described to have anti-inflammatory and homeostatic functions linked to wound healing, fibrosis, and tissue repair. 25 Many of the genes associated with mouse M2 macrophages are regulated by STAT6, including resistin-like-α (Retnla, also known as FIZZ1), arginase 1 (Arg1), chitinase 3-like 3 (Chi3l3, also known as YM1), and macrophage mannose receptor 1 (Mrc1, also known as Cd206). 25 Mice deficient in neutrophil/macrophage-specific IL-4Rα lack M2 polarization during mouse models of helminth infection and Th2-mediated inflammation. 114 The M2-specific arginase 1 that modulates inducible nitric oxide synthase (iNOS) in asthma is regulated by both STAT6 and C/EBP-β. 115 Further, specific macrophage functions in response to IL-13 are greatly impaired in STAT6-deficient mice and lack the ability to mediate IL-13-induced expression of genes such as MHC class II. 116 In addition to STAT6, M2 macrophage polarization is mediated by interferon-regulatory factor 4 (IRF4) and peroxisome proliferator-activated receptor-γ (PPAR-γ).
117,118 PPAR-γ regulates lipid metabolism in M2 macrophages and is constitutively Nippostrongylus brasilensis were impaired in Th2 cytokine production suggesting that IL-4 was critical for their differentiation. 59 Subsequently, STAT6 −/− mice were also found to have a similar defect in IL-4-mediated Th2 cell differentiation. [22] [23] [24] Upon activation by IL-4, STAT6 regulates expression of the "master regulator" of Th2 differentiation, GATA3. 98 After STAT6 forms dimers that translocate into the nucleus, STAT6 regulates expression of GATA3, a transcription factor that belongs to the GATA family of zinc finger proteins. GATA3 is translated from two distinct transcripts termed GATA3-1a and GATA3-1b that derive from two different promoters. Activated STAT6 induces expression of GATA3 from both promoters and controls the onset and maintenance of its expression. GATA3 in turn binds to and modifies the IL-4, IL-5, and IL-13 locus which results in enhanced expression of Th2-related cytokines.
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GATA3 was initially shown to be selectively expressed in Th2 cells and required for Th2 development. 99 Importantly, IL-4-stimulated STAT6
−/− T cells demonstrated significantly impaired GATA3 induction. 100 In contrast, GATA3 was shown to inhibit Th1 cell development in an IL-4-independent manner providing early insight into IL-4/STAT6-independent roles of GATA3. 100 Consistent with this, a follow-up study demonstrated that GATA3 expression and auto-activation can occur in STAT6 −/− Th2 cells that produce IL-4. 101 Finally, analysis of conditional GATA3 knockout mice confirmed the critical role of GATA3 in Th2 cell differentiation (both IL-4 dependent and IL-4 independent). 102 Taken together, these reports have demonstrated that GATA3 expression is critical to Th2 cytokine production regulated by STAT6/IL-4-dependent and -independent mechanisms.
In addition to a role in Th2 differentiation, STAT6 also has a role in Th2 effector cell recruitment into areas of allergic inflammation. An early report demonstrated that transfer of wildtype OVA-specific Th2 cells into STAT6 −/− mice were impaired in trafficking to the lung after OVA challenge. 7 Subsequently, IL-4 was shown to induce expression of thymus and activation regulated-chemokine (TARC/CCL-17), and its murine homolog (mTARC/ABCD-2), which binds the G protein-coupled chemokine receptor CCR4 to direct Th2 cell recruitment.
103 STAT6 has multiple binding sites in the TARC promoter region that are induced by IL-4 in the presence of the PI3K pathway, and these promoter elements have been shown to drive mTARC/STAT6 transgene expression in sites of Th2 inflammation in vivo. 104 Though there is strong evidence for a role of STAT6 in canonical Th2 differentiation, several other pathways facilitate Th2 differentiation independent of STAT6 including STAT5 and IL-33. 32 In addition to STAT6, STAT5 is also involved in Th2 polarization independent of IL-4Rα signaling. 105, 106 Constitutive expression of STAT5 has been reported to result in production of IL-4 from Th2 cells even in the absence of IL-4R and STAT6. 106 Further, IL-2 contributes to Th2 differentiation by activating STAT5A, which facilitates transcription at the IL-4 gene locus. 105 In mouse models, double knockout STAT5A −/− STAT6 −/− mice displayed a significant reduction in Th2 cell development and significant decreases in lung eosinophilia after antigen challenge, as compared with STAT6-deficient mice. 107 IL-33, an IL-1 family infiltration and Th2 inflammatory responses. 137 Eotaxin has been shown to be expressed in the airway epithelium of asthmatics. 138 Further, TNF-α and IL-4 have been shown to act synergistically to stimulate eotaxin gene expression in airway epithelial cells through activation of NFκB and STAT6. 28 Expression of eotaxin is upregulated in a STAT6-dependent manner in the airways of mice that overexpress IL-4 and as well as in wild-type mice following intranasal administration of IL-4. 139 These reports have added an important link between STAT6, the airway epithelium, and eosinophilic infiltration.
A number of other proteins and chemoattractants regulated by STAT6 likely play a role in the molecular link between Th2 activation and recruitment of effector cells in lung inflammation. A study by Shum et al. showed that adipocyte fatty acidbinding protein, aP2, is expressed in human airway epithelial cells and is upregulated following stimulation with Th2 cytokines IL-4 and IL-13. 140 Further, the regulation of aP2 mRNA expression was highly dependent on STAT6, and aP2-deficient mice lacked eosinophilic infiltration in a model of allergic airway inflammation.
Our group has demonstrated that STAT6 is required for epithelial expression of a resistin-like molecule, found in inflammatory zone 1 (FIZZ1/Retnla), in mice after a single challenge with the allergen Alternaria. 52 Exogenous administration of FIZZ1 was shown to bind to inflammatory cells in the lungs, consisting of macrophages and dendritic cells, as well as structural fibroblasts, leading to initiation of eosinophil influx, peribronchial fibrosis, and increased epithelial thickness. These findings suggest a role for STAT6 in FIZZ1-mediated airway remodeling, collagen deposition, and fibrosis in Alternaria-associated asthma. Taken together, STAT6 regulates many epithelial functions in lung inflammatory response including mucus production, chemokine generation, and pro-remodeling factors.
Smooth muscle cell contractility and chemokine production. IL-13-mediated bronchial smooth muscle contractility is thought to be one mechanism by which airway constriction occurs in human asthma. In vitro, IL-13 has been shown to induce bronchial smooth muscle (BSM) contraction and upregulation of RhoA/Rho-kinase signaling pathway. 30 RhoA, a monomeric GTP binding protein, and its downstream target Rho-kinase have been shown to promote calcium sensitization via inactivation of myosin phosphatase, resulting in smooth muscle contraction. 141 Mutational studies revealed that STAT6 and NFκB are required for the upregulation of RhoA induced by IL-13 and TNFα in human BSM. 29 Another report showed that inhibition of STAT6 with a small molecule prevented IL-13-induced Rho induction. 142 Finally, a very interesting finding in IL-13 stimulated airway smooth cells is induction of eotaxins. Both IL-4 and IL-13 have been shown to induce eotaxin release from smooth muscle cells in vitro, dependent on IL-4Rα and STAT6. 31, 143 Summary STAT6 is activated by IL-4 and IL-13 and plays a critical role in Th2 lung inflammatory responses including clearance of parasitic infections and in the pathogenesis of asthma. Studies from expressed in adipose tissue where it has an anti-inflammatory role through repression of NFκB.
119 PPAR-γ expression may also be induced by IL-4 and IL-13, which suggests that M2 polarization in a Th2-mediated response might also involve PPAR-γ. 118 A study by Szanto et al. has now demonstrated that STAT6 facilitates gene transcription mediated by PPAR-γ in vitro, linking the two factors functionally. 117 Despite these advances, the precise role of M2 macrophages during inflammatory and remodeling diseases of the lung is considered an ongoing investigation.
Type 2 innate lymphoid cell responses. Type 2 innate lymphoid cells (ILC2s) are non-B non-T lineage-negative lymphocytes that produce large amount of Th2 cytokines and are emerging as an important effector cell type in type-2 responses. ILC2 have been shown to contribute to airway hyperresponsiveness and type-2 lung inflammatory responses in mice infected with influenza virus and after challenge with multiple allergens. 51, [120] [121] [122] [123] [124] GATA3, which regulates Th2 transcription, is expressed in ILC2s in response to TSLP and in a STAT5-dependent fashion. 125 Our group recently reported that GATA3 expression and IL-5 production was not impaired in STAT6 −/− ILC2. 51 However, after airway challenges with the fungal allergen Alternaria, STAT6 was shown to control ILC2 proliferation as well as airway eotaxin levels critical to eosinophil chemotaxis to the lung. The precise role of STAT6 in ILC2 has not been evaluated in vitro; therefore indirect effects from STAT6 in other cell types in vivo may be contributing to ILC2 proliferation.
Lung epithelial cell mucus and chemokine production. Widespread mucous plugging of bronchi and bronchioles is a key feature in the pathogenesis of respiratory diseases such as asthma and COPD. 126, 127 As a direct consequence of inflammation or respiratory viral infection, lung epithelial metaplasia into mucous (goblet) cells leads to mucus hypersecretion, which can in turn lead to fatal airway lumen obstruction.
128 IL-13 has been shown to directly drive mucin gene expression in epithelial cells and IL-13 is often overexpressed in the setting of mucous cell metaplasia in asthma. [129] [130] [131] Mucin 5A (MUC5AC) is a major airway mucin that is highly expressed in goblet cells and is induced by IL-13 in a STAT6-dependent manner. 132 Expression of MUC5A as well as calciumdependent chloride channel 1 (hCLCA1) or mouse homolog, Gob 5 (mCLCA3), is increased in airway mucus producing cells in patients with asthma. 133 The induction of MUC5A and Gob 5 in airway epithelial cells was shown to be completely abrogated in STAT6-deficient mice. 26 Mucin 4 (MUC4) has also been shown to modulate epithelial cell proliferation in asthmatic airways, and its upregulation in vivo by IL-4 is mediated by JAK3-STAT6 signaling. 134 In addition to mucus production, instillation of interleukin-13 has direct effects on airway hyperresponsiveness. 135 In an elegant study by Kuperman et al., STAT6-deficient mice were protected from all pulmonary effects of IL-13. However, reconstitution of STAT6 only in epithelial cells was sufficient for IL-13-induced AHR and mucus production in the absence of other lung pathology. IL-4/IL-13/STAT6 pathway are being tested in clinical trials for the treatment of asthma. Ongoing investigations into the role of pathogenic STAT6-mediated responses in the lung may lead to future treatments for a variety of human lung diseases.
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humans and animal models have demonstrated that STAT6 has diverse and complex functions in mediating distinct gene expression profiles in a variety of cell types involved in lung inflammation. While STAT6 is required for normal immune function, it has been implicated as a crucial factor in the development of pathologic features of asthma including airway eosinophilia, mucus production, Th2 cell accumulation, smooth muscle contraction, airway remodeling, and hyperresponsiveness. More recently, STAT6 has been shown to regulate lung anti-viral responses and likely has a role in the development of pulmonary fibrosis. Currently, experimental therapeutics that target the
